fatty acid losses resulting in a diagnostic fragment ion. Higher level MS n and HRMS are 22 valuable tools in characterizing AA lipid head group structural components. 23
INTRODUCTION 24
Intact polar lipids (IPLs) are the building blocks of cell membranes, typically 25 consisting of a polar head group (phosphatidylcholine, digalactosyldiacylglycerol, etc.) and an 26 apolar core, typically a diglyceride or diether, and are considered to represent living biomass 27 since polar head groups are rapidly lost following cell lysis. [1, 2] The structures of IPLs can be 28 taxonomically and environmentally specific, making them potentially useful biomarker 29 molecules.
[3,4] Some glycerol-based IPLs contain amino acids in the polar head group, such as 30 phosphatidylserine or homoserine-containing betaine lipids. 31
A special group of membrane lipids is the glycerol-free amino acid IPLs (AA-IPLs), 32 which are different than aminophospholipids, such as the common phosphatidylethanolamine 33 and phosphatidylcholine. In these AA-IPLs the headgroup consists of an amino acid which is 34 linked via an amide-bond to a -hydroxy fatty acid, esterified to a fatty acid (Fig. 1) . 35 Ornithine lipids (OL) contain the amino acid ornithine as the headgroup and are common 36 phosphorus-free membrane lipids among bacteria, but up to date OLs have not been observed 37 in eukaryotes or archaea. Approximately 50% of bacterial species whose genomes have been 38 sequenced are predicted to have the capacity to form OLs based on the presence of either the 39
OlsBA or OlsF genes coding for enzymes involved in the OL biosynthetic pathway. [5] [6] [7] [8] In 40 addition, it has been speculated that OLs are important for Gram-negative bacteria outer 41 membrane stability because of their zwitterionic character. [9] In certain bacteria, the 42 production of OLs increases under phosphorus limitation, [10, 11] and in other microbes OL fatty 43 acids are hydroxylated under temperature or pH stress. [12] [13] [14] These studies show that OLs are 44 used by certain bacteria to modify their membrane in response to changing environmental 45 conditions. 46
Other AA-IPLs have been identified in various microbes, including ornithine-taurine 47 lipid (cerilipin, CL), glycine lipid (cytolipin, CYL), serine-glycine lipid (flavolipin, FL), and 48 glutamine lipid (GL; Fig. 1 ).
[ [15] [16] [17] [18] [19] Recently, novel mono-, di-, and trimethylornithine (MMO, 49 DMO, TMO) IPLs and hydroxylysine-containing IPLs (lysine lipids hydroxylated on the fatty 50 acid and/or lysine headgroup) were characterized from northern wetland planctomycetes and 51 soil bacteria, respectively, and it was suggested that these modifications were related to stress 52 conditions ( Fig. 1) . [20, 21] It therefore seems that modification of both fatty acid composition 53 and amino acid headgroup occur frequently, perhaps in response to changing environmental 54 conditions, making AA-IPLs an interesting class of compounds to study. 55
In the last decade high performance liquid chromatography/electrospray ionization-56 mass spectrometry (HPLC/ESI-MS) has become the primary analytical approach for IPL 57 analysis.
[3,4, [22] [23] [24] However, HPLC/MS characterization has only been accomplished for a 58 limited number of AA-IPLs, such as OLs or betaines (diacylglyceryl-N,N,N-59 trimethylhomoserine; DGTS, DGTA, DGCC).
[6] The AA-IPLs described above (CL, CYL, 60 FL, TL, GL) were identified using combinations of thin layer chromatography, infrared 61 spectrometry, mass spectrometry, or 1 
HPLC/ESI-IT-MS and HPLC/HRMS -IPLs were analyzed by HPLC/ESI-IT-MS 82
according to Sturt et al. [3] with some modifications. [20, 30] An Agilent 1200 series high 83 performance liquid chromatograph, with thermostated autoinjector, was coupled to a Thermo 84 LTQ XL linear ion trap mass spectrometer with an Ion Max source and ESI probe (Thermo 85 Scientific, Waltham, MA). The typical lipid extract injection concentration was 2 mg/ml, and 86 an injection volume of 10 l. Chromatographic separation was accomplished on a 87
Lichrosphere diol column (250 mm by 2.1 mm; 5-m particles; Grace Alltech Associates 88
Inc.) at 25°C. Elution was achieved with hexane-2-propanol-formic acid-14. 
RESULTS AND DISCUSSION 132
The extracts of the four bacteria analyzed contained many well described IPLs such as 133 phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylglycerol (PG), as 134 well as many types of AA-IPLs (Fig. 2) . Here, we will focus on the HPLC/MS 135 characterization of known and novel AA-IPLs. 136
General MS fragmentation characteristic of AA-IPLs -OLs are the most commonly 137 occurring AA-IPLs and were detected in all cultures in this study except for C. marinus. The 138 MS fragmentation pattern of OLs can be used as a guide for the identification of other AA-139
IPLs. Characteristic multi-stage MS fragmentation of OLs includes the sequential losses of 140 H2O from the head group, the ester-linked fatty acid, and the amide-linked hydroxy-fatty 141 acid resulting in a diagnostic m/z 115 fragment, representing the cyclized protonated 142 dehydrated ornithine amino acid (Fig 3.) . [6, 19, 22, 23] Like OLs, the diagnostic MS fragment ions 143 of other previously described AA-IPLs, typically contain the complete AA head group or 144 smaller AA head group fragment ions. [19] previously reported a glutamine-containing IPL (e.g. 151 by a subsequent loss of a fatty acid (Fig. 5C ). G. cerinus is known to produce cerilipin (CL), 182
an IPL containing an ornithine-taurine head group originally characterized by Tahara et al. [15] 183 using thin layer chromatography (TLC), infrared (IR) spectrophotometry, gas 184 chromatography/mass spectrometry (GC/MS), and amino acid analysis. The initial neutral 185 loss of m/z 125 is expected for taurine based on typical peptide MS 2 fragmentation amino acid 186 neutral losses. [31] [32] [33] The loss of the taurine portion results in the formation of an ornithine 187 lipid, which as described earlier should produce the m/z 115 diagnostic fragment ion upon 188 further fragmentation. Indeed, the loss of a fatty acid in MS 3 fragmentation resulted in a 189 fragment ion at m/z 351 (Fig. 5C ), which after MS 4 fragmentation and further loss of the -190 OH fatty acid yielded the ornithine m/z 115 diagnostic fragment ion (Fig. 5D) . [19, 34] The 191 elemental composition of the m/z 115 fragment (C5H11N2O) was confirmed by HRMS (Table  192 1), however, the initial m/z 125 loss was not observed during HRMS fragmentation. IPLs. [19] [20] [21] The m/z 106 fragment ion has the elemental composition of protonated serine 223 (C3H8NO3), while that (C2H6NO) of the m/z 60 fragment ion corresponds to protonated 224 glycine minus an oxygen (Fig. 6) . Fragmentation also results in the neutral loss of serine 225 followed by a fatty acid loss and dehydration yielding m/z 550, 326, and 308 fragment ions, 226 respectively (Fig. 6) . [36] using GC/MS, TLC, 232 electrophoresis, and IR spectrophotometry, and the structure was later revised to include 233 glycine by Shiozaki et al. [17] using 1 MS analysis eluting at retention times 6.36 min and 6.54 min, respectively (Fig. 2C) . 239
Fragmentation of both the m/z 568 and 566 IPLs resulted in fatty acid losses and an m/z 76 240 fragment ion (Table 1) . C. marinus is known to produce the glycine-containing lipid 241 cytolipin.
[18] The nominal mass of protonated glycine is 76, which would match with the m/z 242 76 fragment ion of the m/z 568 and 566 IPLs. HRMS analysis confirmed the fatty acid losses 243 of the m/z 568 (C15:0, OH-C17:0) and 566 (C15:1, OH-C17:0) IPLs. HRMS analysis also 244 revealed that the m/z 76 fragment ion has an elemental composition of C2H6NO2 (Fig. 7) , 245 which is identical to that of protonated glycine. The m/z 566 cytolipin (CYL) contains a 246 monounsaturated ester-linked fatty acid. CYLs were identified in P. heparinus as well (Fig.  247   2D ; Table 1 ). This is the first characterization of CYL by HPLC/MS. 248 Table 1 ). The distribution of 255 fatty acids contained in the structures of I and I' were also the same as the fatty acid chain 256 lengths of the abundant OL and hydroxylated fatty acid OL (OLHFA) IPLs (Table 1) . 257
Headgroup-and fatty acid-hydroxylated OLs
The HRMS fragmentation of P. heparinus IPLs I and I' confirmed the same fatty acid 258 losses as the OL and OLHFA, respectively, and revealed the elemental composition of the m/z 259 131 fragment ion to be C5H11N2O2 (Fig. 8, Table 1 ). This is the same elemental composition fragmentation: loss of H2O from the hydroxyornithine head group results in a cyclic 266 headgroup structure, followed by sequential fatty acid and OH-fatty acid losses yielding the 267 six membered ring structure C5H11N2O2 and NH3 loss yielding the six membered ring 268 structure C5H8NO2 (Fig. 8B) . OLs with ornithine headgroup hydroxylation (HOL), and OLs 269 with ornithine headgroup hydroxylation and fatty acid hydroxylation (HOLHFA) have been 270 previously identified in Rhizobium tropici using ESI-MS in negative ionization mode.
[14] For 271 comparison the P. heparinus extract was analyzed by HPLC/ESI-IT-MS in negative ion mode 272 as well. Here we observed the same characteristic m/z 147 fragment ion upon fragmentation 273 as was reported in the analysis of R. tropici by Vences-Guzmán et al., [14] further confirming 274 the hydroxylated ornithine headgroup structure in both species. 275
CONCLUSIONS 276
Along with other recently described AA-IPLs, the GL, LL, CL, CLHFA, FL, HOL, 277 HOLHFA membrane lipid structures, novel fragmentation pathways, and methods described in 278 this paper can be used to continue to expand the knowledge of the distribution and function of 279 amino acid-containing membrane lipid structures in microbial cultures and the environment. 280
We have summarized AA-IPL fragment ions in Table 2 , which is based on data reported here 281 and in the literature. Amino acid-containing lipid fragment ions reflect headgroup structures, 282 often after dehydration or other head group losses, which we propose commonly yields a 283 cyclic fragment ion (Figs. 3, 5 Table 1 : AA-IPLs analyzed by HRMS in Rhodobacter sphaeroides, Gluconobacter cerinus, Cyclobacterium marinus, Pedobacter heparinus in this study. The observed exact masses of precursor ions, characteristic fragment ions and associated elemental compositions are reported. RT = retention time, EC = elemental composition,  mmu = difference between calculated and observed m/z (mmu). 
TABLES
Species/IPL RT Precursor Ion (m/z) EC  mmu Characteristic Fragment Ion (m/z) EC  mmu
